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Proteome analysisInﬂammatory response has recently been shown to induce endoplasmic reticulum (ER) stress and the
unfolded protein response (UPR), which either recovers proper ER function or activates apoptosis. Here we
show that endotoxin (lipopolysaccharide = LPS) can lead to functional ER failure tentatively via a
mitochondrion-dependent pathway in livers of rats. Histological examination did not reveal signiﬁcant
damage to liver in form of necroses. Electron microscopy displayed transparent rings appearing around
morphologically unchanged mitochondria, which were identiﬁed as dilated ER. The spliced mRNA variant of
X-box protein-1 (XBP1) and also the mRNA of 78 kDa glucose-regulated protein (GRP78) were up-regulated,
both typical markers of ER stress. However, GRP78 was down-regulated at the protein level. A pro-apoptotic
shift in the bax/bcl-XL mRNA ratio was not accompanied by translocation of apoptosis inducing factor (AIF)
to the nucleus, suggesting that the cells entered a pre-apoptotic state, but apoptosis was not executed.
Monooxygenase activity of p450, representing the detoxiﬁcation system in ER, was decreased after
administration of endotoxin. Biochemical analysis of proteins important for ER function revealed the
impairment of protein folding, transport, and detoxiﬁcation suggesting functional ER failure. We suggest that
functional ER failure may be a reason for organ dysfunction upon excessive inﬂammatory response mediated
by endotoxin.
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Several factors are required for optimal protein folding, including
ATP, Ca2+ and an oxidizing environment to allow disulﬁde bond
formation [1]. As a consequence of this environment, the endoplasmic
reticulum (ER) is highly sensitive to stressors, in particular those,
which impact on the cellular redox state (such as oxidative stress).
Such stressors reduce the protein folding capacity of the ER, resulting
in the accumulation and aggregation of unfolded proteins — a
condition referred to as ER stress (reviewed in [2]). Protein
aggregation is toxic to cells and numerous pathophysiological
conditions are known to associate with ER stress, including inﬂam-
mation, ischemia, neurodegenerative diseases and diabetes [3].
To prevent the accumulation of unfolded proteins, the ER activates
the unfolded protein response (UPR) system. UPR allows for an
increase in the capacity for protein folding, reduction in newly
translated proteins entering the ER, and an increase in the degradation
of misfolded proteins. GRP78 is a key protein triggering UPR via
binding to three speciﬁc stress sensors, inositol-requiring ER-to-
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kinase (PERK), and activating transcription factor 6 (ATF6). An
important marker of UPR is X-box binding protein-1 (XBP1). Two
forms of XBP1 have been identiﬁed: a spliced form, XBP1(S) and an
unspliced form, XBP1(U) [4]. Splicing of the XBP1 RNA results in the
removal of a 26 base intron that creates a translational frame shift.
Splicing of XBP1 by IRE1 is an obligatory component in both IRE1 and
ATF6-induced UPR [5]. UPR results in the up-regulation of a number of
chaperones, which take over folding control and reverse ER stress.
However, if protein aggregation is persistent and the stress cannot be
resolved by up-regulation of speciﬁc proteins, UPR switches from a
pro-survival to pro-apoptotic signaling pathway (reviewed in [2]).
Tumor necrosis factor-alpha (TNF) and other pro-inﬂammatory
mediators, such as interleukins IL-1 and IL-6, are excessively released
into circulation during sepsis [6] and endotoxemia [7]. TNF, the major
pro-inﬂammatory factor, has been shown to induce ER stress via
increased ROS levels [8–11]. Endotoxin (LPS) induces ER stress [12] by
activating all three pathways speciﬁc for UPR via corresponding
sensors, IRE1, PERK, and ATF6 [13,14]. Since endotoxin evokes a
systemic immune response, one can conclude that systemic immune
response induces ER stress via pro-inﬂammatory factors in a reactive
oxygen species (ROS)-dependent manner.
TNF stimulates intracellular ROS production through an increase in
mitochondrial ROS production [15]. An alternative source of ROS
induced by endotoxin can be nicotinamide adenine dinucleotide
phosphate (NAD(P)H) oxidase, known to play an important role
upstream of the mitochondria and ER stress [16]. TNF has been
reported to increase mitochondrial ROS production in tumor cells,
hepatocytes [24], and endothelial cells [25]. Therefore one can expect
that mitochondrial ROS mediate ER stress induced by TNF. In addition
the involvement of ROS in mechanisms causing organ failure
mediated by TNF was documented by the beneﬁcial effects of
inhibitors of oxidative stress [17–22]. However, the exact mechanism
how ROS lead to multiple organ failure is not known. The above
suggests that there is a link between inﬂammatory cytokines, ROS, ER
stress and organ failure.
Although the mechanisms of organ failure induced by the systemic
inﬂammatory response resulting in high lethality are not yet under-
stood, a number of studies show that the major part of the organs is
neither necrotic nor apoptotic (reviewed in [26]), suggesting a
functional rather than morphological character of the changes
which lead to organ failure and are therefore not visible by histological
examination [26].
Here we show that besides ER stress which aims at recovering ER
or leads to apoptosis there is a third aspect of disorder which we call
functional ER failure. This failure is accompanied by persistent ER
stress and an increase of UPR markers but simultaneous down-
regulation of important functional ER proteins, and not accompanied
by either recovery of ER or apoptosis.
2. Experimental procedures
2.1. Animal model
The study was approved by the local Committee on Animal
Experiments of Vienna, Austria, and all experiments were performed
under the conditions described in the EU guidelines for the
accommodation and care of animals used for experimental and
other scientiﬁc purposes (2007/526/EC of 18 June 2007) and in the
Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health (publication NIH 86-23; revised 1985). Adult male
Sprague-Dawley rats weighing 280±21 g (Animal Research Labora-
tories, Himberg, Austria) were randomly divided into two groups: a
control group receiving saline i.v. (n=8) and a group receiving 7 mg/
kg LPS i.v. (E. coli 026:B6, Difco, Detroit, MI; n=8). Rats were
euthanized by decapitation 16 h after injection, and blood wascollected in heparinized tubes for biochemical analysis. Liver was
quickly removed and stored in ice-cold preparation buffer.
2.2. Preparation of liver fractions
Immediately after decapitation liver was extracted and placed in
ice-cold sucrose buffer (0.25 M sucrose, 10 mM Tris–HCl, 1 mM EDTA,
0.1% ethanol, pH=7.4), diced and rinsed with the same buffer to
remove remaining blood. After blotting dry with paper, the liver
pieces were weighed and the same buffer was added in a ratio of 1:6
liver/buffer (w/v). Tissue samples were taken for histology and
electron microscopy (EM). The rest of the liver was homogenized
using a Potter-Elvehjem homogenizer. Subcellular fractions were
prepared as previously described [23], with the exception that light
and heavy mitochondrial fractions were not separated. Brieﬂy, liver
homogenate was centrifuged for 10 min at 600 g to pellet the nuclear
fraction. The resulting supernatant was centrifuged for 10 min at
9000 g to pellet the mitochondrial fraction. The supernatant was
centrifuged at 100,000 g for 35 min to obtain the microsomal pellet
(ER-derived vesicles). The ﬁnal supernatant represented the cyto-
plasmic fraction.
2.3. Mitochondrial function and production of reactive oxygen
species (ROS)
Respiratory parameters of mitochondria isolated from control and
LPS-treated rats were determined with a Clark-type oxygen electrode
(Oroboros Ltd., Austria). Rat liver mitochondria (RLM, 0.5 mg/ml)
were incubated in a buffer consisting of 105 mM KCl, 20 mM Tris–
HCl, 1 mM diethylene-triamine-pentaacetic acid, 80 mM KH2PO4,
and 0.1 mg/ml fatty acid-free bovine serum albumin (pH 7.4, 25 °C).
State 4 respiration was stimulated either by the addition of 5 mM
glutamate plus 5 mM malate or 10 mM succinate in the presence of
rotenone (1 μg/ml). The latter was used to prevent electron
transport to and from complex I. The transition to state 3 respiration
was induced by addition of 25 μM ADP. The rate of ROS generation in
mitochondria isolated from control and LPS-treated rats was
detected in the presence of 250 μM of 1-hydroxy-3-carboxy-
pyrrolidine (CPH). It has been shown that CPH reacts with super-
oxide radicals and peroxynitrite [27]. Mitochondria (0.5 mg/ml)
were incubated for 20 min at 22±1.5 °C under state 4 conditions.
The incubation buffer was identical to the buffer used for
determination of respiratory parameters. Oxygen diffusion was
facilitated using a shaker to provide vigorous mixing of the
mitochondrial suspension with air. Measurements were performed
on an electron paramagnetic resonance (EPR) MS200 Spectrometer
(Magnettech, Berlin, Germany) set to the following parameters:
microwave frequency, 9.431 GHz; microwave power, 1 mW; mod-
ulation frequency, 100 kHz; modulation amplitude, 3 G. Upon
reaction with ROS, CPH is transformed into a stable CP˙ radical (3-
carboxyproxyl). Therefore, standard solutions of 3-carboxyproxyl
were used to quantify ROS levels in blood and tissues.
2.4. Cytochrome P450 function
Detection of CYP 1A1 activity was carried out by a modiﬁed
method of Leclercq et al. [28]. One milligram microsomal protein was
mixed with 1 ml Tris buffer (pH 7.4) containing 2.5 mM glucose-6-
phosphate, 5 mM MgCl2, 20 μM 7-ethoxyresoruﬁn and 1.6 mg/ml
bovine serum albumin. The reaction was started by the addition of
0.66 U glucose-6-phosphate dehydrogenase and 1.27 mM NADPH.
After 2 min incubation at 37 °C, the reaction was stopped by the
addition of 230 mM ZnSO4. Then 0.8 pmol scoparone was added as
internal standard and after solubilization with 20 mM SDS, the
lipophilic molecules were extracted with 3 ml diethyl ether. The
organic extract was separated by centrifugation and evaporated to
Table 1
Primers used for analysis of gene expression by real-time PCR.
Target Accession Sense primer Antisense primer Source
PXRI NM_057114 gtg gat tct cac ttc tgt
cat ct
ggc tta tct gga atc aca
cca cg
[48]
TNF X66539 tgc ctc agc ctc ttc tca tt tgt ggg tga gga gca
cat ag
[45]
ASS NM_013157 acc cac agc aca tcc
ttg ga
cag tca ggt ggt agg
aga ac
[49]
TTR NM_012681 tat ttg cgt ctg aag ctg g cct tcc gtg aac ttc tca tct [50]
Alb NM_134326 agc aca caa gag tga
gat cg
tgt cat cct tgt gct gca gg [51]
GRP78 S63521 gtt ctg ctt gat gtg tgt cc ttt ggt cat tgg tga tgg tg [52]
PDIA3 NM_017319 cca tct act tct cac cag
cca ac
ccc tac cac att ctt ccc
aac ac
Designed for
this study
TER NM_053864 cgt cgc atc gtg tct cag gac caa atc gcc gta ggg Designed for
this study
Bax U59184 aaa gtg ccc gag ctg
atc a
agc cac aaa gat ggt cac
tgt ct
[53]
BclXL BC094213 aat gaa ctc ttt cgg
gat ggg
cca act tgc aat ccg act ca [53]
XBP1 BC079450 ctt gtg att gag aac
cag gag
aag agg caa cag cgt cag Designed for
this study
HPRT NM_012583 ctc atg gac tga tta tgg
aca gga c
gca ggt cag caa aga cat
tat agc c
[54]
GAPDH M17701 cat gcc gcc tgg aga aac
ctg cca
tgg gct ggg tgg tcc agg
ggt ttc
[55]
gActin X52815 cac tgg cat tgt cat
gga ct
ttg aag gtg gtc tcg tgg at [56]
Cyc X52815 tat ctg cac tgc caa gac
tga gtg
ctt ctt gct ggt ctt gcc
att cc
[54]
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injected into the HPLC column. For HPLC analysis, a Waters LC-1
module equipped with a UV detector in combination with a Jasco FP-
920 ﬂuorescence detector was employed. Resoruﬁn and scoparone
were eluted from the HPLC column (Merck Hibar LiChrospher 100 RP-
18 (5 μm) 125×4 mm) with the mobile phase consisting of 25 mM
potassium phosphate (pH 7)/methanol (58:42 v/v) at 4.1 min and
6.4 min, respectively. Resoruﬁnwas detected ﬂuorimetrically using an
excitation wavelength of 530 nm and an emission wavelength of
580 nm. Scoparone was detected by the UV detector at 325 nm. The
amount of resoruﬁn formed during incubation was calculated from
the peak area of the internal standard scoparone.
2.5. Determination of 2-thiobarbituric acid-reactive substances (TBARS)
Aliquots of mitochondrial and microsomal samples were trans-
ferred into tubes containing 3,5-di-tert-butyl-4-hydroxy-toluene
(BHT) and the iron chelator desferal (0.5 mM ﬁnal concentration
each; 100 μl ﬁnal volume), vortexed, frozen and stored in liquid
nitrogen. Determination of mitochondrial and microsomal TBARS was
adapted from a method described by Yagi [29]. For analysis,
suspensions of 0.3–0.4 mg mitochondrial protein or 0.1–0.2 mg
microsomal protein were thawed at 25 °C, precipitated with H2SO4
and phosphotungstic acid (3.3 M and 1% (w/v) ﬁnal concentration,
respectively) for 5 min at 22 °C and centrifuged at 4 °C (10 min,
2000 g). Supernatants were completely removed and pellets were
resuspended once more in H2SO4 and phosphotungstic acid, allowed
to precipitate, and centrifuged. The ﬁnal sediments were suspended in
600 μl deionized water supplemented with BHT and desferal (32 μM
each). The samples were mixed with 150 μl of the TBA reagent
(46.5 mM TBA dissolved in a mixture of glacial acetic acid and
deionized water, 1:1) and heated to 95 °C for 60 min. After cooling on
ice, TBARS were extracted into 750 μl n-butanol by vortexing for 30 s.
After centrifugation (4 °C, 10 min, 2000 g), 600 μl of the butanol phase
was mixed with 1400 μl butanol (22 °C) in a 3 ml quartz cuvette.
Fluorescence measurements were performed on a Hitachi F4500
spectroﬂuorimeter at 700 V PMT voltage, 515 nm excitation (5 nm slit
width), and 553 nm emission wavelengths (20 nm slit width).
Concentrations of TBARS were calculated from a calibration curve
using 1,1,3,3-tetramethoxypropane as standard.
2.6. Electron microscopy
Immediately after preparation, tissue samples were immersed in
2.5% glutaraldehyde in 0.1 M sodium cacodylate. For ﬁxation of the
mitochondrial suspension, a solution of 2% glutaraldehyde in 0.05 M
sodium cacodylate solution was adjusted to 290 mOsm with distilled
water. Both the tissue samples and mitochondrial suspensions were
incubated in the primary ﬁxative at 4 °C overnight. Afterwards the
samples were washed three times with 0.1 M sodium cacodylate
buffer with the same osmolarity as the primary ﬁxative (adjusted
with NaCl).
Post-ﬁxation was carried out in 0.5% osmium tetroxide in 1%
potassium ferrocyanide for 2 h. After rinsing the samples with the
same buffer, they were dehydrated in graded ethanol series and
inﬁltrated in low viscosity resin with acetonitrile as intermedium and
polymerized at 60 °C. Ultrathin sections of 70 nmwere obtained with
a diamond knife (Diatome) on an Ultracut S (Leica) and collected on
copper grids. Staining was performed with LKB 2168 Ultrastain with a
conventional solution of uranyl acetate and lead citrate. The sections
were examined on a Zeiss EM 902 Electron Microscope. In order to
assure equal conditions, tissue samples were analyzed in the
surroundings of blood vessels. The mitochondrial pellet, which was
centrifuged in Eppendorf tubes, had a crescent-like shape. For
analysis, the top, bottom and center of the thickest site of the pellet
were considered.2.7. Gene expression
RNA was extracted from snap frozen liver specimens using
TriReagent (Molecular Research Center, USA). From total RNA, 1 μg
was used for cDNA synthesis with Superscript® (Invitrogen) and
anchored oligo-dT-primers (3.5 μM ﬁnal concentration). To check the
generation of ampliﬁable cDNA in the reverse transcription, a
conventional PCR step was performed using GAPDH-speciﬁc primers,
as described elsewhere [30]. Analysis of gene expression was
performed by means of real-time PCR using speciﬁc primer pairs as
shown in Table 1. When not indicated primer pairs were designed
using the commercial software “Beacon Designer 7.0”. PCRwas carried
out on an iCycler iQ® (BioRad, Hercules, CA, USA) using iTaq®
polymerase® (0.625 U/reaction; BioRad) and a ﬁnal concentration of
200 μmol/l dNTP (each) and 3 mmol/l MgCl2 with the provided
reaction buffer (1×) in a ﬁnal volume of 25 μl. Each reaction well was
loaded with primers (500 nmol/l each) and SYBR® GREEN I (0.5×,
Sigma, USA). All sequences of interest were ampliﬁed in parallel from
one aliquot of cDNA on the same plate using the following PCR
protocol: an initial Taq-polymerase-activating step at 95 °C for 3 min,
followed by 40 cycles with a 20 s denaturation step at 94 °C, a 30 s
annealing step at 62 °C, a 40 s extension step at 72 °C and a 15 s step at
85 °C duringwhich datawere collected. Quantiﬁcation of the template
concentration was achieved using an internal standard and the built-
in iCycler iQ Detection System Software, Version v3.1. To generate the
standard, equal aliquots of the cDNA of all samples were pooled. For
normalization, the values for the target sequence were averaged and
calculated in relation to the arithmetic mean of the values obtained
from three housekeeping genes (Cyclophilin A, GAPDH, and HPRT).
For the quantitative determination of the spliced variant of XBP1
mRNA 10 μl from the PCR reaction product was separated on a 2%
agarose gel and after staining with ethidium bromide visualized by
300 nm UV transillumination. Density of both products, the unspliced
and the spliced variant, was quantiﬁed via computer assisted
densitometric scanning using the public domain Scion Image program
(the PC version of ‘NIH Image’ developed at the US National Institute
Table 2
Concentrations of cytoplasmic enzymes in plasma of control animals and animals
subjected to LPS challenge (LPS).
ALT (U/l) AST (U/l) LDH (U/l) CREA (μM)
Control 114±63 257±172 795±481 34±5
LPS 2340±554 2826±561 20238±5579 91±9
p 0.005 0.002 0.01 0.0001
ALT — alanine aminotransferase, AST — aspartate aminotransferase, LDH — lactate
dehydrogenase, CREA — creatinine.
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and the ratio of the spliced to the unspliced variant was determined in
each sample.
2.8. 2D electrophoresis
The protein content of organelle suspensions was determined by
the Coomassie G-binding assay [31]. The samples were diluted at least
6-fold with 30 mM Tris–HCl, 9 M urea, 4% CHAPS (w/v), at pH 8.5 and
labeled with CyDyes® (GE Health Care Life Sciences Munich,
Germany) according to the instructions of the manufacturer (8 nmol
dye/mg protein). Cy3 and Cy5 were used for samples, Cy2 for the
internal standard (a pool of all samples). 25 μg protein per ﬂuorophore
was loaded on the gel. Classical 2-DE was performed in accordance
with existing protocols [32], using nonlinear pH 4–10 immobilized
gradient strips of 10 cm length and 140×140×1.5 mm SDS-PAGE gels
(T=10–15% linear gradient, C=2.7%). After the 2-DE run, gels were
scanned on a Typhoon 9400 Imager and evaluated with DeCyder
Software V5.02 (all GE Health Care). The ratios between volumes of
single spots in the samples and the corresponding spots in the internal
standard were calculated. Statistic features in DeCyder were used for
evaluation of 2-DE gels. Protein spots differentially expressed between
groups were extracted, using volume ratios (treated/untreated group)
and Student's t-test as selection criteria.Fig. 1. Histological examination of livers obtained from control (panels A, C) and LPS-treated
right specimens represent highest and lowest levels of necroses, respectively. FN — focal ne2.9. Protein identiﬁcation by nanoHPLC-MS/MS protein sequencing
After scanning, 2-DE DIGE gels were stained by a modiﬁed
silverstaining procedure according to Heukeshoven [33]. To make it
compatible for subsequent mass spectrometry (MS), glutaraldehyde
was omitted from the sensitizing solution and formaldehyde was
omitted from the impregnating solution. Gels were scanned with a
Sharp JX-330 Flatbed Scanner. Differentially regulated spots were
identiﬁed in the silver staining pattern, excised and subjected to gel
protein reduction, alkylation and trypsination [34]. All nano HPLC
separations were performed on an UltiMate system from LC Packings
(Amsterdam, Netherlands) combined with an Ion Trap Mass Spectro-
meter (LCQ Deca XPplus, Thermo Finnigan) as described previously
[34]. Analysis of MS/MS spectra with respect to peptide identity was
routinely performed by applying both the MASCOT [35] (Matrix
Science) and the SEQUEST [36] (Thermo Finnigan) search engines. A
peptide was reliably identiﬁed only if the individual peptide scorewas
≥40 (Mascot) and≥3 for triply charged peptides and≥2.5 for doubly
charged peptides (Sequest), respectively.
2.10. Western blot analysis
For speciﬁc detection, or as a further veriﬁcation of MS identiﬁca-
tions, immunoblotting experiments were performed using unlabelled
samples. The electrophoretic run was followed by semi-dry blotting
onto nitrocellulose (Hybond ECL, GE Health Care) according to [33].
The membrane was stained for total protein patterns with ruthenium
(II)tris(bathophenanthroline disulfonate) [37]. After ﬂuorescence
scanning on the Typhoon 9400 Imager, the blots were probed with
the polyclonal antibodies against heme oxygenase (Alexis Corp.,
Lausen, Switzerland), SOD-2 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), and transthyretin (Lab Frontier, Seoul, Korea). Cy5-
conjugated secondary antibodies (Jackson ImmunoResearch, West
Grove, PA, USA) allowed detection of immunoreactive bands with the
Typhoon Imager.animals (panels B, D) at high (panels A, B) and low (panels C, D) magniﬁcation. Left and
croses, CI — immune cell inﬁltration.
Fig. 2. Panels A, B — Effect of LPS on hepatic levels of TNF-alpha mRNA and on the ratio
of bax/bcl mRNA. Data were obtained by RT-PCR as indicated in Experimental
procedures. Panel C — Western blot showing the absence of AIF translocation from
mitochondria to the nucleus.
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these organelles were isolated from liver as above in the presence of
0.1% v/v protease inhibitor cocktail (Sigma). The nuclei were puriﬁedFig. 3. Electron microscopic examination of liver mitochondria (panels A, B) and liver tissue
LPS (panels B–F). Panels E and F show dilated ER vacuoles which were observed only in LPS
membrane.by gently resuspending them in 10 mM Tris, pH 7.4, 2.2 M sucrose and
1 mM MgCl2, and repelleting at 70,000 g for 80 min. 25 μg of nuclear
and mitochondrial protein was separated on an 8% gel, blotted as
above and incubated with a monoclonal anti-AIF antibody (Santa Cruz
Biotech.). The staining was visualized with ECL (enhanced chemilu-
minescence; Roche) on a Hyperﬁlm MP (GE Health Care). An aliquot
of each sample was separated on a second gel stained with Coomassie
G250 as a loading control.
2.11. Blood analysis and histological examination
Plasma levels of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), lactate dehydrogenase (LDH), and creatinine (Crea)
were measured as described previously [38]. Liver tissues were ﬁxed
in 10% formaldehyde solution for 1–2 weeks. The sections prepared
from the parafﬁn blocks were stained with hematoxylin and eosin.
2.12. Statistical methods
The data are presented as means±SEM. The Kolmogorov–Smirnov
test was used to verify that a variable is normally distributed.
Signiﬁcance was determined by the t-test for normally distributed
values and by the Mann–Whitney test for other values. The
signiﬁcance level was set at 0.05 and indicated as: ⁎pb0.05;
⁎⁎pb0.01; ⁎⁎⁎pb0.001.
3. Results
Table 2 shows that the levels of cytoplasmic enzymes are
signiﬁcantly elevated in the blood of animals subjected to endotoxic
shock, suggesting tissue damage. In fact histological examination(panels C–F) obtained from control animals (panels A, C) and animals challenged with
-treated animals. Arrows in panel F show that intact ER and dilated ER share the same
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have focal necroses typically surrounded by immune cell inﬁltration
(Fig. 1B), which were not observed in controls (Fig. 1A). Fig. 1C and D
show whole liver specimens used for histological examination.
Circles indicate the focal necrotic areas (Fig. 1D), which appear more
frequently in the peripheral part of the lobes. In all animals studied,
the necrotic areas covered less than 10% of the liver. The remaining
area appeared normal. No focal necroses were found in control
tissues (Fig. 1C).
Fig. 2A shows signiﬁcant up-regulation of hepatic TNF mRNA
levels in experimental animals, which was accompanied by a pro-
apoptotic phenotype in the liver suggested by the increased bax/bcl-
XL mRNA ratio (Fig. 2B). To investigate the possible translocation of
AIF from mitochondria to the nucleus as an apoptotic marker, we
examined AIF levels in mitochondrial and nuclear fractions isolated
from control and experimental animals (Fig. 2C). Minor amounts of
AIF in control nuclei most likely reﬂect contamination of mitochon-
dria. No translocation of AIF above this background level was found
in nuclei from shock animals.
Electron microscopic examination of isolated liver mitochondria
and liver tissue showed that LPS treatment did not evoke changes in
the morphology of mitochondria in liver tissue (Fig. 3C, D), while a
slight trend towards swelling was observed in suspensions of isolated
mitochondria (Fig. 3A, B). The latter effect was, however, not
signiﬁcant if the average size of mitochondria was calculated. These
data show that the morphology of mitochondria remained unchanged
and suggest that mitochondrial function should not be affected. Apart
from mitochondria, one morphological change was found exclusively
in LPS-treated animals in the endoplasmic reticulum. This was a
vacuole-like structure that always appeared in close proximity toFig. 4. Effect of LPS treatment onmitochondrial and ER functions and lipid peroxidation. Pane
respiration in state 3 to state 2). Panel B — The rate of mitochondrial ROS production as de
mRNA level (left) and protein level by Western blot (top inset); activity of CYP1A1 isofo
mitochondria (RLM) and liver microsomes (LMS).mitochondria (Fig. 3D, E). With higher magniﬁcation we found that
this corresponds to dilated endoplasmic reticulumwhich appeared to
be derived from normal ER and shares the same membranes with the
latter (Fig. 3F, arrows indicate the shared membrane).
To characterize the mitochondrial function we used high-resolu-
tion respirometry, determining the rate of oxygen consumption in
states 2, 3 and 4 (Fig. 4A) and reactive oxygen species (ROS) formation
using the spin probe technique (Fig. 4B). Respiratory control indices
(RC) were always higher in liver mitochondria prepared from animals
challenged with LPS for substrates of both mitochondrial complex I
(glutamate/malate) and complex II (succinate). Themost pronounced
differences were found in ROS (CP˙ radical) production, i.e. an increase
by a factor of 3 and 2 for glutamate/malate and succinate, respectively.
Looking at the microsomal ER fraction in more detail, we found a
decrease in the activity of P450 (Fig. 4C right panel). Simultaneously
we found that the expression of heme oxygenase (HO-1), an enzyme
disassembling heme proteins, is increased both on the protein (Fig. 4C
top panel) and RNA levels (Fig. 4C left panel). The concentration of
TBARS, a marker of lipid peroxidation, tended to decrease in liver
mitochondria and to increase in liver microsomes in LPS-treated
animals (Fig. 4D). Although these trends were not signiﬁcant, the ratio
of TBARS in liver microsomes to TBARS in RLM, calculated for all
individual animals, was signiﬁcantly higher in LPS-treated animals
(Fig. 4D), indicating that the ER is more susceptible to oxidation than
mitochondria in this model of organ failure.
Changes in the amount of ER proteins were analyzed by 2D
electrophoresis. About 8.5% of the 740 spots found in all gels were
differentially expressed by a factor of at least 2 in LPS-treated animals
(t-test p≤0.05). In Fig. 5A, red and green spots indicate up- and
down-regulation, respectively, whereas yellow spots are similarlyl A— Respiratory activity of mitochondria determined as respiratory control (the ratio of
termined by electron spin resonance, protein (P). Panel C — Expression of HO-1 on the
rm of P450 (right). Panel D — Accumulation of lipid peroxidation products in liver
Table 3
Identiﬁcation of protein spots determined by 2D electrophoresis, which were
signiﬁcantly changed in liver ER from LPS-treated animals compared to controls.
Spot Protein SWISS-Prot ID Number of peptides found
(Sequest /Mascot)
1 78 kDa glucose-regulated protein P06761 N20/N20
2 Serum albumin P02770 N20/N20
3a Protein disulﬁde isomerase A3 P11598 N20/N20
4 Argininosuccinate synthase P09034 19/18
5 Transthyretin P02767 4/4
6 Cytoplasmic actin 2 (γ-actin) P63259 4/6
7 Transitional ER ATPase P46462 6/6
8b Peroxiredoxin-1 Q63716 14/13
a Different modiﬁcations of this protein were found.
b One of several isoforms.
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candidate spots (with the highest and most consistent difference in
expression, good staining properties, and appropriate concentration
and spot quality) were selected on silver-stained gels (Fig. 5B). These
spots were analyzed and identiﬁed by MS (Table 3).
Changes in expression pattern of proteins identiﬁed byMS analysis
are shown in Fig. 5C. Albumin, 78 kDa glucose-regulated protein
(GRP78), protein disulﬁde isomerase A3 (PDIA3), transitional ER
ATPase (TER), argininosuccinate synthase (ASS) and peroxiredoxin 1
(PXR1) (spot 8) were down-regulated. In contrast, gamma-actin and
transthyretin (prealbumin) spots were up-regulated. PDIA3 exists in
different isoforms (forming a chain of spots as indicated in Fig. 5B);
most of them were clearly down-regulated in LPS treatment (values
displayed in the ﬁgure are from the main spot in the left part of the
indicated spot chain). Spot 8 was identiﬁed as peroxiredoxin 1, but
ﬁrst tests with a speciﬁc antibody indicate that there are also other
spots, which belong to this protein (data not shown). They are
currently under investigation.
The mRNA of these proteins which were found differentially
expressed by 2D electrophoresis was analyzed by real-time PCR. To
investigate the possibility that the mRNA level is up-regulated only
transiently, preceding expression on the protein level, we followed a
time course of gene expression at several time points (2, 4, 8, 12, and
16 h) prior to proteome analysis (16 h). Fig. 6 shows that three
proteins (GRP78, PDIA3, and gamma-actin) are up-regulated with a
maximum at 8–12 h, the other tested mRNAs were down-regulated.
We have observed a signiﬁcant increase in the ratio of the spliced
to the unspliced variant of XPB1 mRNA, suggesting the activation ofFig. 5. 2D electrophoresis of ER proteins. Panel A — Identiﬁcation of differently expressed pro
(green); thus proteins up-regulated due to LPS challenge appear red, down-regulated appe
Panel B— Representative gel used for quantiﬁcation and identiﬁcation of single spots (see Ta
of ER proteins. GRP78, 78 kDa glucose-regulated protein; PDIA3, protein disulﬁde isomerasUPR. This ratio was increased 4 h after LPS treatment and remained
elevated until the end of experiment (Fig. 7).
4. Discussion
Inﬂammatory response has recently been associated with ER stress
and the UPR, which either recovers ER stress or activates apoptosis. In
our model we show that none of these outcomes is fully executed
possibly due to a posttranscriptional block. This could either be a low
rate of protein synthesis or signiﬁcantly increased protein degrada-
tion. Our data suggest that there may be a third aspect of ER stress,
functional ER failure. This aspect appears, if “classical”mechanisms of
ER stress are arrested and the cell can neither resolve the ER stress norteins in an overlay of protein patterns obtained from LPS-treated (red) and control rats
ar green; yellow spots represent similar protein levels in controls and treated animals.
ble 3 for identiﬁcation of spots 1–8). Panel C— Effect of LPS treatment on the expression
e A3; PXR1, peroxiredoxin 1; TER, transitional ER ATPase; TTR, transthyretin.
Fig. 6. Time course of gene expression at mRNA level. At the indicated time points livers were harvested from rats treated with LPS, and total RNA was isolated. Indicated target
mRNAs together with three housekeeping genes (cyclophilin A, GAPDH, and HPRT) were quantiﬁed by real-time PCR as outlined in Experimental procedures and the data were
calculated in relation to the mean housekeeping gene expression. Changes are given relative to the control (0 h). Signiﬁcant differences (pb0.05) to the control groupwere estimated
by two-tailed Student's t-test and are indicated (⁎). GRP78, 78 kDa glucose-regulated protein; PDIA3, protein disulﬁde isomerase A3; PXR1, peroxiredoxin 1; TER, transitional ER
ATPase; TTR, transthyretin.
528 A.V. Kozlov et al. / Biochimica et Biophysica Acta 1792 (2009) 521–530terminate itself via apoptosis. Reactive oxygen species (ROS) released
acutely in large amounts have been traditionally implicated in the cell
death. These ROS can be released from the mitochondria, xanthine
oxidase, and the phagocytic (NAD(P)H) oxidase [39][40]. Recently it
has been shown, that iNOS can also generate superoxide radical [41].
The fact that in our model we observed dilated ER mostly in close
vicinity to mitochondria and that isolated mitochondria generated
more ROS, suggests that mitochondrial ROS rather than other ROS
sources are likely to impair ER function via induction of ER stress andFig. 7. Time course of the ratio of spliced/unspliced mRNA of X-box binding protein 1. At
the indicated time points livers were harvested from rats treated with LPS. Us —
unspliced mRNA; s — spliced mRNA, which lacks the 26 bp intron, indicating speciﬁc
cleavage by activated IRE1.UPR. This is also supported by the fact that ROS are released from
mitochondria under endotoxic shock.
We cannot prove exactly whether the changes in ER found in this
study are fully connected to ER stress and UPR or there is another
pathway leading to functional ER failure. However, our data show that
LPS induces in our experimental model at least two pathways of UPR,
namely ATF6 and IRE1 as was conﬁrmed by an increased ratio of
spliced/unspliced mRNA of X-box protein 1. Up-regulation of ER
chaperones, which are always executed via the ATF6 pathway, is
initiated on the transcriptional level as was conﬁrmed by up-
regulation of GRP78 and PDIA3 mRNA. This should result in up-
regulation of GRP78 protein, and is supposed to decrease ER stress by
binding to corresponding proteins, which ultimately blocks all three
UPR pathways. However, protein levels of GRP78 decreased rather
than increased, possibly due to an increased degradation. This
suggests that the ER stress cannot be resolved because this requires
an increase in functional UPR responsive proteins, especially GRP78
(see Fig. 8). We found that the expression patterns and activities of
other ER enzymes strongly point to a failure of major ER functions.
PXR1 was found down-regulated, suggesting a decreased antioxidant
capacity in the ER. The decrease in TER suggests that protein
trafﬁcking in the ER is also affected. Thus it appears that the ER stress
was not resolved and in this case the alternative pathway, leading to
apoptosis, should be executed.
One apoptotic pathway is IRE1-dependent and can result in a pro-
apoptotic shift of the bax/bcl ratio. Bax is involved in forming channels
in the mitochondrial membrane, which result in the permeability
transition, the subsequent translocation of AIF to nucleus and
execution of apoptosis (see Fig. 8). We observed that the IRE1-
dependent pathway is activated resulting in a pro-apoptotic shift of
the bax/bcl ratio on the transcriptional level similarly to the ATF6-
dependent pathway mentioned above. However, the AIF protein was
not translocated to the nucleus, a pre-requisite of apoptosis execution.
Fig. 8. Hypothetical mechanism of organ failure induced by inﬂammatory response. Abbreviations: ALB, albumin; ATF6, activating transcription factor 6; BV, biliverdin; ER,
endoplasmic reticulum; GRP78, 78 kDa glucose-regulated protein; HO-1, heme oxygenase 1; IRE1, inositol-requiring ER-to-nucleus signal kinase 1; JNK, Jun-terminal kinase; LPS,
lipopolysaccharide; PDIA3, protein disulﬁde isomerase A3; PERK, RNA-dependent protein kinase-like ER kinase; PXR1, peroxiredoxin 1; ROS, reactive oxygen species; TER,
transitional ER ATPase; TNF, tumor necrosis factor-alpha; TTR, transthyretin; UP, unfolded proteins. The white and grey backgrounds indicate determined and not determined
substances, respectively.
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changes of Bcl/Bax ratio, the absence of translocation of AIF from
mitochondria to nucleus suggests that apoptosis is not executed,
irrespectively from underlying mechanism.
Thus, these two pathways, ATF6 and IRE1, mainly responsible for
execution of recovery or apoptosis, respectively, were activated on the
transcriptional level but did not result in increased levels of proteins
involved in these pathways. Up-regulation of HO-1 is one of the
features of the third PERK-dependent pathway [42]. An alternative
pathway of HO-1 up-regulation may be the pathway operating via
antioxidant transcription factor Nrf2 which is associated with the
induction of ischemia [43], which is very often accompanying shock
due to low tissue perfusion. Up-regulation of HO-1 was conﬁrmed
both onmRNA and protein levels. Up-regulation of HO-1 can have two
important consequences during the early phase of endotoxic shock: it
is likely to contribute to elevated free iron levels in the liver,
stimulating oxidative stress and thus further aggravating ER stress
[45]. Later the iron levels drop and most likely biliverdin, a product of
HO-1 with antioxidant capacity, deﬁnes the beneﬁcial function of HO
by scavenging ROS. Since HO-1 is the limiting step in heme protein
degradation, HO-1 activation reduced the amount of P450 in the ER as
recently shown [44]. A reduced amount of P450 can result in
decreased P450 activity, which we have observed in this study,
suggesting reduced detoxiﬁcation activity.
Our data show that LPS elevates TNF levels, which is known to
induce ER stress in a ROS-dependent manner. The biochemical
changes in the ER as well as its morphological changes (dilated ER
vacuoles) suggest activation of ER stress. Bringing together the facts
that (i) dilated ER always appears in close proximity to mitochondria,
(ii) mitochondria isolated from LPS animals produce more ROS, and
(iii) ER stress was shown to be ROS-dependent, we suggest that
mitochondrial ROS cause ER stress. This is in line with our recent
publication, which shows that ROS are able to diffuse out of
mitochondria isolated from LPS-treated rats, whereas ROS remain
inside control mitochondria [46]. Mitochondria protect themselves
against their own ROS by expression of SOD [47] and otherantioxidative systems. ROS production in the ER is decreased in
response to LPS [44]. Consequently, mitochondrial ROS rather than ER-
derived ROS mediate TNF-dependent ER stress. A sensitive parameter
for oxidative stress, the ratio of TBARS levels in mitochondria and ER,
was shifted towards increased oxidative stress in the ER. All these
ﬁndings suggest that in this model of endotoxic shock the ER is more
susceptible to damage than mitochondria.
Histological examination showed that the damage to liver tissue
appeared as focal necrosis. However, the extent of necrosis in themost
severe cases was still less than 10% of the whole liver and normally
even as little as 25% of the liver tissue is sufﬁcient for adequate liver
function. Although we have found a shift in the expression of
apoptosis-related markers favoring a pro-apoptotic phenotype, the
morphological examination of liver did not reveal a signiﬁcant
reduction in cell count or a signiﬁcant number of apoptotic or necrotic
cells, suggesting that apoptosis is only of minor signiﬁcance in the
pathophysiological changes occurring in the liver of LPS-treated rats.
Our data suggest that endotoxin-induced liver failure is not due to a
decreased number of liver cells caused by necrosis or apoptosis, but
rather may be due to functional ER failure in living liver cells. We
hypothesize that endotoxic shock mediates functional ER failure by
causing an arrest of ER stress induced pathways.
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